Candida albicans hyphal formation is inhibited by a quorum-sensing molecule, farnesoic acid, which accumulates in the medium as the cells proliferate. We recently showed that Pho81 is essential for the inhibition of hyphal growth by farnesoic acid. Here, we describe a newly identified regulator, Hot1, which increases the expression of PHO81. The binding site of Hot1 in the PHO81 promoter region was identified by DNase I protection assay. The hot1D mutant grows extensively as filaments. Furthermore, the inhibition of hyphal formation and the repression of major signaling pathway components in response to farnesoic acid are defective in hot1D mutant cells. These data suggest an important role for HOT1 in the inhibition of hyphal development by farnesoic acid in this fungus.
mechanisms of these molecules are not well understood.
In C. albicans, hyphal development is mainly regulated by the mitogen-activated protein kinase (MAPK) and cyclic AMP-protein kinase A (cAMP-PKA) pathways, and active Ras1 is required for the regulation of both pathways [5, 9] . In addition, three main MAPK pathways have been characterized: cell wall integrity, high osmolarity glycerol (HOG), and cell morphogenesis MAPK pathways [10] [11] [12] [13] . The MAPK pathways recognize changes in environmental conditions such as temperature, pH, oxidative stress, and mating pheromones. Some signals including glucose and serum levels of CO 2 control the cAMP-PKA pathway [14] . Quorum-sensing molecules regulate the network of multiple signaling pathways in C. albicans morphogenesis. For example, treatment of C. albicans with farnesol reduces mRNA expression of MAPK cascade components [15] . Farnesol also inhibits the Ras1-mediated cAMP-PKA signaling pathway [16, 17] , and a recent report showed that it inhibits hyphal initiation mainly by blocking protein degradation of Nrg1 [18] . Much less is known about farnesoic acid with regard to its functions and the mechanisms underlying its ability to function as a quorum-sensing molecule in C. albicans.
We recently showed that C. albicans PHO81, which encodes a homolog of Saccharomyces cerevisiae Pho81, is essential for the inhibition of hyphal growth by farnesoic acid [19] . The pho81D mutant strain of C. albicans grew exclusively as filaments under all of the conditions tested (28°C and 37°C) and was insensitive to farnesoic acid treatment. Here, we describe another regulator of filamentous growth, the C. albicans HOT1 gene, which encodes a protein homologous to the S. cerevisiae Hot1, where it was shown to regulate the expression of many stress-responsive genes. The hot1D mutant grew extensively as filaments under favorable yeast growth conditions. Gene expression analysis of signaling pathway components indicated that farnesoic acid inhibits hyphal formation in C. albicans through the coordination of different signaling pathways.
Materials and methods

Strains and media
The C. albicans strains used in this study are listed in Table 1 . Candida albicans strains were cultured in YPD medium (1% yeast extract, 2% peptone, and 2% glucose). Strains carrying plasmids and introduced gene disruption cassettes were grown in synthetic defined (SD) medium [0.67% yeast nitrogen base without amino acids (Difco, Detroit, MI, USA), 0.192% yeast synthetic dropout medium (Sigma, St. Louis, MO, USA), and 2% glucose] [20] . Glucose salts (GS) medium (5 g of glucose, 0.26 g of Na 2 HPO 4 Á12H 2 O, 0.66 g of KH 2 PO 4 , 0.88 g of MgSO 4 Á 7H 2 O, 0.33 g of NH 4 Cl, and 16 lg of biotin per liter) [6] was used to cell preparation for cDNA library construction.
Construction of the cDNA library
The cDNA library was constructed by reverse transcription (RT)-PCR from the C. albicans strain SC5314 [21] according to the manufacturer's instructions. Cells were streaked onto SD plates without uridine and incubated at 28°C for 3-4 days. A single colony was inoculated in liquid SD medium and cultured for 24 h at 28°C to early stationary phase. Cells were harvested and inoculated in GS medium (1 9 10 7 cellsÁmL À1 ) for 40 min at 37°C with 20 lgÁmL À1 farnesoic acid. RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Isolated RNA (1 lg) was treated with DNase I (Invitrogen, Carlsbad, CA, USA) for 20 (50 mM) and SMART MMLV RT were used. First-strand cDNA was generated by LD-PCR amplification and the cDNA was purified.
Yeast one-hybrid assay
Yeast one-hybrid experiments were performed using a Matchmaker Gold Yeast One-Hybrid Library Screening System (Clontech). The PHO81 PR (promoter) was PCRamplified from the C. albicans strain SC5314 and cloned into the KpnI/XhoI sites of the plasmid pAbAi, which encodes the auerobasidin A resistance gene (Table S1 ). The bait plasmids, pPR-AbAi and empty pAbAi, were linearized and integrated into the genome of the yeast strain Y1HGold, and transformants were selected on SD medium without uracil (SD/-Ura) after incubation for 3 days at 30°C. Yeast cells were then transformed with the prey plasmid pGADT7-Rec containing the cDNA library. To assay for prey-bait interaction, a single colony was suspended in 100 lL of sterilized distilled water and 10 lL of cell suspension was spotted onto SD plate without leucine (SD/-Leu) and supplemented with aureobasidin A (SD/-Leu/AbA). Cells were incubated at 30°C for 2 days and photographed.
b-Galactosidase activity assay
The primers for the b-galactosidase assay were used to amplify various lengths of the PHO81 promoter (Table S2 ). The PCR fragments were digested with KpnI and XhoI, and subcloned into the similarly digested pENO1LacZ vector [22] . The resulting plasmids (pPR595-pPR100) were transformed into the C. albicans strain CAI4 and grown in 5 mL of YPD medium. The initial cell density was OD 600 = 0.05 and cells were allowed to grow for 8 h at 28°C, at which time the cultures were still in the exponential growth phase. The b-galactosidase activity of transformants was determined by quantitative liquid assay using permeabilized cells as described previously [22, 23] . The A 420 and A 550 were read and the units of activity were determined by the standard equation [23] .
Electrophoretic mobility shift assay (EMSA)
The HOT1 gene was fused with the GST coding sequence through the BamHI and 
DNase I protection assay
The upstream region of the PHO81 promoter, extending from À695 to À280, was amplified by PCR using [c-
32
P]-ATP labeled PHO280-R and unlabeled PHO695-F primers. The labeled 415 bp DNA probe was used for the DNase I protection assay. The DNA-protein binding reactions with purified GST-tagged Hot1 were performed as described above and DNase I digestion of the DNA-protein complexes was performed as follows: 20 lL of 10 mM MgCl 2 and 5 mM CaCl 2 were mixed and added along with 1 lL of DNase I solution (10 ngÁlL À1 ; Invitrogen). Samples were incubated for 1 min at 25°C, the reactions were stopped with the addition of 80 lL of the stop solution, and the DNA products were purified by ethanol precipitation. The digested DNA products were resolved on a sequencing gel alongside sequencing ladders of pPR695 that were generated using PHO280-R as a primer. The plasmid pPR695 was constructed by cloning the same 415-bp upstream region of PHO81 into pGEM-T Easy (Promega, Madison, WI, USA). The gels were visualized using a phosphorimager (BAS1500; Fuji Photo Film Co. Ltd., Tokyo, Japan).
Gene disruption
To disrupt the first chromosomal HOT1 allele, pQF183 plasmid was digested with HindIII and EcoRI, and 5 lg of the linearized hot1D::-hph-URA3-hph gene disruption cassette was introduced into the C. albicans strain CAI4 using the lithium acetate method [24, 25] . To disrupt the second chromosomal HOT1 allele, C. albicans HOT1/hot1D::hph cells (the 4DH strain) were transformed with the linearized hot1D::hph-URA3-hph gene disruption cassette (i.e., pQF185 digested with HindIII and EcoRI). Uridine auxotrophs were selected on SD medium containing 1 mgÁmL À1 5-fluoroorotic acid (Sigma) [19] . The genotypes of the mutant strains were confirmed by PCR.
Morphological characterization of the hot1D mutant
The CAI4 strain (wild-type) and 4DH2 strain (hot1D mutant) containing the empty YPB-ADHpt vector [26] were inoculated onto SD plates without uridine and incubated at 28°C for 3-4 days. A single colony was selected and grown in YPD medium at 28°C to early stationary phase. To induce hyphal growth, cells (1 9 10 7 cellsÁmL À1 )
were incubated in YPD medium for 6 h at 37°C. For the in vitro yeast-to-hypha transition assay, cells (1 9 10
) were incubated in GS medium at 37°C for 6 h with or without quorum-sensing molecules (farnesoic acid or farnesol).
RNA was isolated from the C. albicans strain SC5314 as described above. cDNA synthesis was performed using Superscript III First-Strand Synthesis System (Invitrogen) for RT-PCR, and oligo [dT] 20 (50 mM) were used to prime the cDNA synthesis reaction. RT-PCR analysis was conducted with gene-specific primers (Table S2 ) for major components of the signaling pathways. The PCR reaction was performed as follows: 98°C for 10 min, followed by 25 cycles of 98°C for 30 s, 50°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 5 min. Expression levels were determined by densitometry using IMAGE J software (NIH, Bethesda, MD, USA). The housekeeping gene glycerol-3-phosphate dehydrogenase (GPD1) was used as a loading control [17] .
Results
Identification of the PHO81 transcriptional activator
To identify proteins that regulate PHO81 expression, we carried out a yeast one-hybrid screen using PHO81 promoter coding sequences as bait. A search of the Candida genome database (http://candidagenome.org) revealed that the upstream intergenic region of PHO81 is 600 base pairs (bp). The PHO81 promoter region (PR) from À595 to À1 bp was cloned into the bait plasmid pAbAi and integrated into the yeast genome (Y1HGold). Yeast cells were then transformed with the prey plasmid pGADT7-Rec containing the C. albicans cDNA library and the prey-bait interaction assay was performed. Using this screening strategy, we identified a positive clone as a DNA-binding element in the PHO81 promoter. Sequence analysis and conceptual translation of the clone from the genome database revealed an open reading frame (orf19.3328) consisting of 607 amino acids (Fig. 1A) .
Although this sequence shared only 19% identity with the S. cerevisiae Hot1, a domain search database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) revealed that the C terminus (amino acids 502-579) has 43% conserved amino acid homology with the Gcr1ˍC domain in S. cerevisiae Hot1 (Fig. 1B) [27] . In S. cerevisiae, Hot1 is an osmostress transcription factor and regulates the expression of stress genes primarily involved in glycerol transport and production [28, 29] . The DNA-protein interaction was confirmed by onehybrid assay using pPR (promoter)/AbAi (bait) and pGADT7-Hot1 (prey; Fig. 1C) . The results suggested that the DNA-binding element in the PHO81 promoter is for a Hot1-type transcription factor, and was thus named C. albicans HOT1 (GenBank accession number: KY488487).
Determination of the Hot1-binding site in the PHO81 promoter region
We performed promoter deletion analysis to investigate the region in the PHO81 promoter that is essential for Hot1 binding. Various lengths of the PCR-generated PHO81 promoter fragments were cloned into a pENO1LacZ reporter vector (pPR595-pPR100). The resulting vectors were transformed into the C. albicans strain CAI4, and cells were grown in YPD medium at 28°C for 8 h. b-Galactosidase activity was detected by quantitative liquid assay using permeabilized cells [22, 23] . We observed the highest level of lacZ downregulation in the strain containing the À595 to À1 bp PR ( Fig. 2A) . While removal of the region from À595 to À495 bp had no significant effect on b-galactosidase activity in cells, deletion of the region from À595 to À395 bp resulted in a severe decrease in expression (62%), indicating that the region from À495 to À395 bp is essential for the highest level of b-galactosidase activity. The DNAbinding property of Hot1 was tested by electrophoretic mobility shift assay (EMSA) using a radioactively labeled PHO81 promoter element as a target. The PCR-generated HOT1 gene from the C. albicans strain SC5314 was cloned and expressed in Escherichia coli BL21 (DE3) as previously described [30] . On SDS/PAGE analysis, the molecular weight of the purified Hot1 was estimated to be 80 kD (Fig. 2B) . A radioactively labeled DNA probe of the PHO81 PR (from À495 to À395 bp) was incubated with 0.5 lg of purified Hot1 protein and subjected to EMSA. The addition of Hot1 resulted in one retarded band and the unlabeled DNA competed for the binding of Hot1 in a dose-dependent manner (Fig. 2C ), indicating that a binding site for Hot1 must be present within this region. To define the Hot1-binding site in the PHO81 promoter, DNase I protection assay was performed. A DNA fragment of the upstream region of the PHO81 promoter, extending from À695 to À280, was radioactively labeled and used as a DNA probe. The probe was incubated with increasing amounts of Hot1 and digested with DNase I. As shown in Fig. 2D , a region extending from À479 to À453 relative to the transcriptional start site of PHO81 was protected by Hot1.
The hot1D mutant shows constitutive filamentous growth and does not respond to farnesoic acid
To investigate the role of Hot1 in C. albicans morphogenesis, we disrupted both alleles of the gene in two rounds of mutagenesis (Fig. S1 ). Morphological differences between the wild-type and hot1D strains were compared under the microscope. Interestingly, the wild-type strain exhibited the expected yeast form, whereas the hot1D strain was present in the filamentous form under favorable yeast growth conditions (28°C), creating more extended filaments than the wild-type strain at high temperature (37°C; Fig. 3A) . The hot1D strain expressing wild-type HOT1 under control of the ADH1 promoter recovered the wild-type phenotype. Furthermore, the hot1D mutant existed exclusively as filaments on the nutrient-poor cornmeal agar at 25°C by microaerobic growth under coverslips (Fig. 3B ) [31] . Dumitru et al. [32] also found filaments for anaerobic growth of C. albicans at all temperatures tested from 25 to 37°C. Based on these results, we investigated whether Hot1 contributes to the inhibition of hyphal development in C. albicans by farnesoic acid (Fig. S2) . Wild-type and hot1D cells were incubated in GS medium with or without farnesoic acid (20 lgÁmL À1 ) at 37°C for 6 h. As expected, farnesoic acid inhibited hyphal development in wild-type cells. In contrast, hot1D cells exhibited constitutive filamentous growth and did not respond to farnesoic acid.
PHO81 expression depends on Hot1
Changes in the expression of HOT1 and PHO81 were also investigated. Total RNA was isolated from C. albicans at various times following the addition of 20 lgÁmL À1 farnesoic acid at 37°C, and the expression levels were analyzed by RT-PCR. Both genes were expressed in the absence of farnesoic acid. However, dramatic increases were observed within 40 min of farnesoic acid treatment and continued until at least 240 min (Fig. 4A) . PHO81 expression was activated in farnesoic acid-treated wild-type cells, but not in farnesoic acid-treated hot1D cells (Fig. 4B) , and this defect could be rescued by integration of the wild-type HOT1 under the control of the ADH1 promoter. These data indicate that the induction of PHO81 expression depends on Hot1, suggesting that Hot1 plays a key role in regulating PHO81 in the farnesoic acid-sensing process.
Farnesoic acid inhibits hyphal formation in C. albicans through the coordination of different signaling pathways
Based on these studies, we compared the expression levels of the major signaling pathway components in farnesoic acid-treated wild-type cells with control cells after a 2-h incubation in GS medium at 37°C (Fig. 5) . RT-PCR analysis indicated that the expressions of HOT1 and PHO81 were increased in the farnesoic acid-treated wild-type cells, but not in the untreated cells. Interestingly, the expression of the components of the MAPK (CST20, STE11, CEK1, and CPH1) and cAMP-PKA (EFG1) pathways were repressed in farnesoic acid-treated cells. Expression of these components was restored in the farnesoic acidtreated hot1D cells. However, similar expression levels of RAS1 were observed in farnesoic acid-treated wild-type, hot1D, and farnesoic acid-untreated control cells. In previous work, we demonstrated that repression of CPH1 and EFG1 was defective in pho81D cells [19] . A C. albicans strain expressing a dominantactive Ras1 (Ras1
G13V
) resulted in hyphal growth in unfavorable hyphal development conditions (Tris/Cl buffer, pH 7.0 at 37°C). Following incubation with 20 lgÁmL À1 farnesoic acid under the same conditions, hyphal formation was not inhibited in the pho81D-Ras1 G13V strain. The results of a Ras pull-down assay indicated that GTP-Ras1 (active Ras1) levels in the pho81D cells were twofold higher compared with those of the wild-type cells, indicating that transfer of the Ras1 signal to the downstream MAPK and cAMP-PKA pathways is inhibited as a result of the active Ras1.
Discussion
Farnesoic acid is a natural product that is derived endogenously from isoprene compounds in prokaryotes and eukaryotes including bacteria and fungi. The best known biological functions of farnesoic acid are as a diffusible signal factor that regulates virulence in Xanthomonas campestris and as a quorum-sensing molecule that inhibits hyphal formation in C. albicans [6, 33] . Farnesoic acid is used by C. albicans to communicate with other Candida cells, and is secreted into the environment in a density-dependent manner [6] . The formation of hyphae is repressed in cells grown at high densities, whereas cells grown at low densities are able to germinate. Because morphogenetic ability is a key virulence attribute of C. albicans and this transition is directly influenced by its environment, the molecular mechanisms involved in farnesoic acid-sensing and inhibition of hyphal formation are important for understanding its role in pathogenesis.
We previously reported that transcriptional upregulation of PHO81 expression by farnesoic acid is important for the inhibition of hyphal formation [19] . However, upstream effectors responsible for increased PHO81 expression and sustained hyphal inhibition are unknown. To identify positive regulators, we performed a yeast one-hybrid screen using the PHO81 promoter coding sequence (600 bp) as bait. Unexpectedly, we found that Hot1 is a transcription factor required for stimulation of PHO81 gene expression by farnesoic acid in C. albicans. The binding site of Hot1 in the PHO81 promoter region was identified by EMSA and DNase I protection assays. These observations indicated that a region extending from À479 to À453 relative to the transcriptional start site is essential for Hot1 binding (Fig. 2) . Candida albicans Hot1 is a functional homolog of S. cerevisiae Hot1, which is responsible for activating the core environmental response in this yeast. The hot1D C. albicans showed constitutive filamentous growth (at 28 and 37°C; Fig. 3 ) and did not respond to farnesoic acid treatment, confirming the filament-repressing role of HOT1.
The Hog1 MAPK protein was initially described in S. cerevisiae. Additionally, in S. cerevisiae, Hot1 was identified in a two-hybrid screen using the HOG1 coding sequence as bait [29] . Under conditions of osmotic farnesoic acid for the indicated times at 37°C, followed by RNA isolation and cDNA synthesis. RT-PCR analysis was conducted with gene-specific primers (Table S2) . (B) RT-PCR analysis of PHO81 expression in hot1D strain (4DH2). Cells were incubated in GS medium with 20 lgÁmL À1 farnesoic acid for the indicated times at 37°C. The housekeeping gene GPD1 was used as a loading control.
Fig. 5.
RT-PCR analysis of the expression levels of major signaling pathway components in Candida albicans. The wild-type (CAI4) and hot1D (4DH2) strains were incubated in GS medium with (+FA) or without (ÀFA) 20 lgÁmL À1 farnesoic acid for 2 h at 37°C, followed by RNA isolation and cDNA synthesis. RT-PCR analysis was conducted with gene-specific primers (Table S2) . Signaling pathway components are coded as follows: CST20, STE11, CEK1, and CPH1 (transcription factor), MAPK pathway; EFG1 (transcription factor), cAMP-protein kinase A complex (PKA) pathway; RAS1, GTPase Raslike protein 1; PHO81, a cyclin-dependent protein kinase inhibitor (whose expression depends on HOT1); GPD1 (loading control).
stress, Hot1 regulates the expression of some stress genes, mainly those involved in glycerol biosynthesis, and the interaction between Hog1 and Hot1 directs the localization of RNA polymerase II to these promoters [34] . The HOG MAPK pathway also plays an important role in stress responses in C. albicans [35, 36] . Hog1 is activated by oxidative stress, osmotic stress, heavy metal, and the purine analog caffeine in C. albicans cells, and is required for survival. A previous study indicated that Hog1 exhibits rapid and sustained activation upon exposure to the quorumsensing molecule, farnesol, in C. albicans [11] . However, the authors noted that hog1D and wild-type cells grew equally well in the presence of farnesol. In this study, we demonstrated for the first time that HOT1 is rapidly expressed when C. albicans cells are exposed to farnesoic acid (Fig. 4) . The wild-type strain exhibited the yeast form, whereas the hot1D strain was present in the filamentous form under favorable yeast growth conditions, indicating that this gene is a major component of the farnesoic acid-sensing pathway. To verify the relationship between Hot1 and Hog1 in C. albicans, the Hot1-Hog1 protein interaction is under investigation. Despite the importance of pathways in hyphal development, how C. albicans coordinates information from different signaling pathways in regulating the morphological transition remains unclear. In C. albicans, positive regulation of hypha-specific gene expression is mainly mediated through the MAPK and cAMP-PKA signaling pathways [5] . Ras1 stimulates both pathways [9] . To investigate the regulatory networks that control morphogenesis of C. albicans by farnesoic acid, we compared the expression levels of these major signaling pathway components in farnesoic acid-treated wild-type cells with control cells. When cells were exposed to farnesoic acid, Hot1 was induced, allowing the expression of Pho81 and subsequent repression of active Ras1 (GTP-Ras1)-mediated MAPK and cAMP-PKA signaling pathways. In the absence of farnesoic acid, Hot1 was not induced, thereby repressing Pho81 expression; the repression of Hot1 expression, in turn, releases the Ras1 signal to hyphal development signaling pathways (Fig. 5) . In a previous study, we demonstrated that repression of the transcription factors CPH1 (MAPK pathway) and EFG1 (cAMP-PKA pathway) was defective in a pho81D strain, indicating that Pho81 acts upstream of both pathways. The active Ras1 (GTP-Ras1) level in the pho81D strain was double that of the wild-type control strain [19] , indicating that transfer of the Ras1 signal to the downstream MAPK and cAMP-PKA pathways is inhibited due to the inability to activate Ras1.
It has been reported that C. albicans ATCC 10231 produces farnesoic acid while a number of C. albicans clinical isolates produce farnesol [37] . A follow-up question based on our data is whether both quorum-sensing molecules have the same mode of action or not. A yeast-to-hypha transition assay in GS medium indicated that farnesoic acid exhibited a weaker inhibitory activity (IC 90 = 20.4 lgÁmL À1 , 86.3 lM) [6] than farnesol (IC 90 = 4.58 lgÁmL
À1
, 20.6 lM; Fig. S3 ). Based on these data, we investigated whether Hot1 contributes to the inhibition of hyphal development in C. albicans by farnesol. Interestingly, at the concentration of 5 lgÁmL
, farnesol inhibited hyphal development in hot1D cells (Fig. S4) , while farnesoic acid did not (Fig. S2) . In addition, RT-PCR analysis indicated that the expressions of HOT1 and PHO81 were not increased in the farnesol-treated cells (Fig. S5) , indicating that farnesol and farnesoic acid might have different modes of action. In response to farnesol, biochemical and genetic analyses of signaling pathways suggest that this molecule regulates the network of multiple signaling pathways in C. albicans morphogenesis.
For example, the Ras-cAMP-PKA pathway and the general repressor TUP1 are involved in the regulation of filamentation in C. albicans by farnesol [15, 38, 39] . Farnesol also inhibits the activity of the Ras-cAMPEfg1 signaling cascade involved in hyphal formation [17] . More recently, Polke et al. [40] reported that farnesol directly binds to and inhibits the function of the Candida adenylyl cyclase Cyr1p.
Together with our previous report, our results provide insight into the mechanism by which the cell density signal is integrated in the regulation of hyphal formation in C. albicans. In this study, we showed that the Hot1-mediated signaling pathway has evolved in C. albicans to control yeast-hypha morphogenesis in response to farnesoic acid. Although the mechanism by which Pho81 regulates Ras1 signaling in response to farnesoic acid is unclear, the data presented in this paper indicate that this quorum-sensing molecule controls hyphal formation in C. albicans through the coordination of different signaling pathways. Further characterization of Pho81 in C. albicans will provide greater mechanistic insight into its function and facilitate the development of new strategies for producing antifungal therapies.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . Disruption of Candida albicans HOT1. Fig. S2 . Response of the hot1D Candida albicans to farnesoic acid. Fig. S3 . Dose-response of Candida albicans morphology to farnesol. Fig. S4 . Response of the hot1D Candida albicans to farnesol. Fig. S5 . RT-PCR analysis of HOT1 and PHO81 expression with farnesol. Table S1 . Plasmids used in this study. Table S2 . Primers used in this study.
